In this work, we present an ultrastructural and physiological description of a novel chlorophylldeficient, yellow cell line of the grass Bouteloua gracilis that develops etioplast-like plastids in presence of light (YELP). These mutant cells were compared to the parental, wild-type, highly chlorophyllous cells from which they were isolated. Growth analysis, based on fresh and dry weights, indicated that YELP accumulates biomass at a slower rate than the parental, green cells. Besides, YELP developed very low levels of photosynthetic pigments, reaching only 9.3% and 38.4% of chlorophyll a and chlorophyll b, respectively, developed by the wild-type cells. Likewise, the accessory pigments, carotenes and xanthophylls, were only synthesized at 8.0% and 5.4%, respectively, of the levels reached by the green cells. Electron microscopy revealed remarkable differences in plastid ultrastructure between the wild-type and mutant cells. Plastids of YELP were heterogeneous and smaller than those found in wild-type cells. YELP plastids were abnormal with poorly developed membrane systems that prevented the accumulation of chlorophyll and accessory pigments in the mutant cell line. We expect this novel, mutant cell line will provide new tools for studying plastid development and differentiation.
Introduction
Chlorophyll is the dominant pigment in nature and one of the most abundant organic molecules on earth. Chlorophyll is involved in the absorption and transfer of energy in the process of photosynthesis. Chlorophyll deficiency in photosynthetic organisms, such as cyanobacteria, algae and plants, is a common consequence of nuclear or plastomic mutations that occur spontaneously or can be artificially induced by chemical or physical agents [1] . These mutations are primarily identified by abnormal pigmentation patterns in the organisms carrying these genetic alterations and can be classified into two main groups. The first group comprises homogeneous, unicolor mutants, while the second one includes heterogeneous multicolor mutants. Mutants such as albino, viridis and xantha are included in the first group, while zonata, alboviridis, xanthalba, virido-albino, tigrina, striata, maculata and alboxantha are examples of multicolor mutants [2] .
The origins of the mutations causing chlorophyll deficiency are highly diverse but include alterations in genes related to the biosynthetic pathways of photosynthetic pigments (chlorophylls and carotenoids), disturbances in lipid metabolism and the synthesis of proteins integrating the photosynthetic membranes [3] , deficiencies in protein transport into the chloroplast [4] , and alterations in chloroplast biogenesis and differentiation [5] . Additionally, mutations in mitochondria are also conducive to altered chlorophyll accumulation patterns and function. Differentiating mutants affected in chlorophyll biosynthesis from those impaired in other pathways, such as carotenoid biosynthesis, is complicated because the routes for chlorophyll and carotenoid biosynthesis, as well as those related to chloroplast biogenesis, are interrelated. Thus, mutants that are unable to develop normal profiles of carotenoids can also be affected in their chlorophyll accumulation due to the instability of this pigment in the absence of the carotenoid complement and because these failures are conducive, in turn, to developmental arrest of the chloroplast [6] . On the other hand, chlorophyll accumulation abnormalities can also be caused by malfunctioning of other organelles. For example, disruption of mitochondrial function affects chloroplast development and results in a phenotype characterized by irregular chlorophyll accumulation [7] .
The phenotypic expression of some mutants is markedly affected by the manipulation of environmental factors, such as light [8] and temperature [9] , while certain mutations related to chlorophyll biosynthesis can be reversed by the addition of exogenous compounds or precursors, such as the ferrous ion, amino acids, thiamine or sugars [10] .
In spite of these difficulties to characterize mutants with atypical production of photosynthetic pigments due to pleiotropic effects, physiological, biochemical and molecular studies have identified different genes associated with the synthesis of chlorophyll and chloroplast development. The OsCHLH gene encodes the largest subunit of the rice Mg-chelatase, a key enzyme crucial for the conversion of protoporphyrin-IX (ProtoIX) into Mg-protoporphyrin-IX within the chlorophyll biosynthetic pathway [11] . The mutation of this gene in Chlamydomonas reinhardtii results in the accumulation of protoporphyrin-IX, and the organisms show yellow or orange pigmentation due to disrupted chlorophyll synthesis [12] . Cloning of the chlorophyll aoxygenase (CAO) gene identified the key enzyme for the formation of chlorophyll b in Chlamydomonas reinhardtii [13] . Subsequently, homologous genes in Arabidopsis thaliana (AtCAO) and Oryza sativa (OsCAO1 and OsCAO2) were characterized [14] [15] . A mutation in this enzyme causes a pale green phenotype with unstable light-harvesting complex II (LHCII) proteins.
Another important enzyme in the biosynthetic pathway of chlorophyll is chlorophyll synthase, which catalyzes the esterification of chlorophyllide, the last step in the synthesis of chlorophyll. In rice, the gene ygl1 (yellow-green leaf1) was identified as encoding this enzyme. Mutation of this gene results in a yellowish-green color in young leaves, decreased chlorophyll synthesis, increased levels of tetrapyrrole intermediates and the arrest of chloroplast development [16] [17] .
Mutations associated with the development and differentiation of chloroplasts have also been described: For example, dcl (defective chloroplast leaves) is a gene involved in the morphogenesis and development of chloroplasts, which is located within the palisade cells of tomato leaves [18] . Mutations in the dag (differentiation and greening) gene of Antirrhinum majus block chloroplast development, which, in turn, results in white, re-versible sectors in the leaves [19] . The correct expression of this gene is required for expression of chloroplast-targeted nuclear genes such as cab (chlorophyll a/b-binding protein) and rbc (ribulose-1,5-bisphosphate carboxylase/oxygenase small subunit) genes.
Disruption of the cla-1 (chloroplasts altered) gene in Arabidopsis thaliana affects the expression of the other photosynthesis-related genes encoded in the nucleus and in the chloroplast [20] . Plastids with mutations in dcl, dag and cla-1 are arrested in a state of proplastid, while some plastids of an albino mutant in barley remain completely devoid of an internal membrane system, except for vesicles; vesicle formation occurs because the mutations affects the formation of thylakoids [21] [22] .
Mutants altered in any step of chlorophyll synthesis or chloroplast biogenesis represent important experimental models for studying the biochemistry, physiology and genetics of these biological processes. These mutants can be obtained spontaneously or can be induced from plant tissue or cells cultured in vitro [23] . Unfortunately, many of the chlorophyll mutants obtained so far are lethal (for example, the albino mutants) and, consequently, they can only be studied for a brief time, i.e., the early stages of development. Maintenance and reproduction of these mutants in vitro is only feasible under heterotrophic growing conditions. This paper presents the physiological and ultrastructural description of a unique, chlorophyll-deficient cell line that presents a yellow phenotype and grows under heterotrophic conditions. This mutant was obtained spontaneously from the chlorophyllic cell system of the highly drought tolerant blue grama grass (Bouteloua gracilis (Kunth) Lag. ex Griffiths), an exceptional model within the cereals [24] . Although chlorophyll-deficient mutants has been reported for monocots , no chlorophyllic cell line has been described up to now for graminaceous (cereal) species besides that described by Aguado-Santacruz et al. in 2001. Consequently, without a parental, wild-type chlorophyllic cell line, the identification and further molecular, biochemical or physiological description of chlorophyll deficient mutants cell lines in cereals is not possible.
Based on the results presented here, we suggest that the dual model, (i.e., the parental wild-type green cells and the complementary chlorophyll-deficient cell mutant system) represents an excellent resource for the study of different molecular, biochemical, physiological processes of plants, including the study of chlorophyll synthesis, carbohydrate metabolism, light photosynthetic reactions, and chloroplast structure and development, as well as the analysis of the chloroplast response to abiotic stress.
Materials and Methods

Plant Cell Culture
The mutant, yellow cell culture utilized in this study was obtained from a green cell line previously generated by our research group. A yellowish cell clump spontaneously formed within the green cell masses and then it was isolated and cultured on solid medium having the same components of the medium employed for growing the wild-type, green cells. After four months, these cells maintained their yellow phenotype and were transferred to liquid medium and subcultured every 10 days.
To characterize this mutant, yellow cell line, growth kinetics were performed for the green wild-type cell line and the yellow mutant cell line in batch cultures for 12 days. As starting material, cells were collected 8 days after their inoculation into fresh liquid medium, using a filtration system. Twenty-five Erlenmeyer flasks (125 mL capacity; 25 flasks per treatment) were filled with 24 mL of growing medium and then inoculated with 0. 
Fresh and Dry Weight Determinations
Fresh weight was determined on an analytical scale, after separating the cell biomass from the liquid medium by filtration; excess medium was removed using a bed of paper towel. After determining the fresh weight, samples were dried in an oven for 48 h at 60˚C and then weighed on an analytical scale to obtain the dry weight.
Quantification of Chlorophylls
Quantification of chlorophylls was carried out following the Arnon [25] protocol. Briefly, 0.04 to 0.06 g of cells previously frozen at −80˚C were ground with 1 mL ice cold 80% acetone (v/v). Then, the pigment extract was centrifuged at 4000 g for 10 min. The supernatant was then recovered for chlorophyll quantification by spectrophotometry. Chlorophyll concentrations were calculated from standard curves previously elaborated with chlorophyll a (Sigma, St Louis, MO Catalog number C6144) and chlorophyll b (Sigma, St Louis, MO Catalog number C5878). Chlorophylls a and b were quantified by absorbance at 663 nm and 645 nm, respectively.
Quantification of Carotenoids
Quantification of carotenoid pigments was based on the method proposed by the AOAC [26] . Briefly, 0.1 to 0.15 g of cells previously frozen at −80˚C were ground with 4.75 mL of a solvent mixture (hexane: ethanol: acetone: toluene; 10:6:7:7 v/v). Subsequently, the mixture was stirred for 3 min using a vortex, and then one drop of distilled water, and 0.5 mL of a 40% methanolic solution of KOH were added. The samples were stirred for 16 h at room temperature. After this time, 3.75 mL of hexane were added, and the resulting mixture was stabilized in the dark for 1 h. The upper phase was subsequently recovered for the determination of the carotenoids by spectrophotometry. The carotene fraction was quantified by absorbance at 436 nm, whereas the total xanthophylls were determined at 474 nm.
Transmission Electron Microscopy (TEM)
Transmission electron microscopy was carried out following the protocol proposed by Zavaleta-Mancera et al. [27] . Briefly, After eight days of growth, wild-type and yellow mutant cells were fixed overnight at 4˚C in a 2.5% glutaraldehyde fixing solution prepared with a 0.1 M phosphate buffer (pH 7.2). The samples were then washed with phosphate buffer. Post-fixation was performed using osmium tetroxide (1%) for 2 h at room temperature. After this period, the samples were washed twice with phosphate buffer and dehydrated in an ethanol series of 30%, 40%, 50%, 60%, 70%, 80%, 90% and 100%. Dehydrated cells were included in LR White resin (Electron Microscopy Science, Catalog number 14,380) and sectioned on an ultramicrotome (Ultracut, Reichert-Jung). Microscopy analysis was conducted on a transmission electron microscope (JEOL 1200 EX II) operated at 70 kV.
Results
Growth of the Wild-Type, Green Cells and the Novel Mutant, Yellow Cells
The novel cell line described in this paper spontaneously appeared in our previously described chlorophyllic cell system. This mutant line exhibits a yellowish phenotype and is routinely cultured in the same media (liquid and solid) employed for growing the wild-type green cells (Figure 1) . Cell growth kinetics were conducted with the wild-type, chlorophyllic and the yellow mutant cell lines and showed differences in biomass gain measured in terms of fresh and dry weights. Throughout the cell kinetics studies, the fresh weight gain was higher in the chlorophyllic cell line than in the mutant line, with the largest differences found at 9 and 12 days (Figure 2(A) ). These data reflect a reduction in growth ranging between 16.4% and 32.4% in mutant cells relative to the wild-type cell line. The behavior of cells in terms of dry weight was similar to that observed for fresh weight kinetics (Figure 2(B) ), but in this case, the dry weight reduction of the yellow mutant cells ranged between 8% and 15%, indicating that water accumulation accounted for the greater differences observed in terms of fresh weight.
The values for the fresh and dry weights gathered during the cell growth kinetics in both cell lines were adjusted to a logistic model for batch culture, and then the doubling times were calculated. The wild-type cell line showed doubling times in biomass at 1.24 and 1.17 days for fresh and dry weight, respectively, whereas the yellow mutant cells took longer to increase their biomass, showing doubling times of 1.39 and 1.22 days for fresh and dry weight, respectively. Thus, from these data is clear that proper assemblage of photosynthetic pigments is fundamental for cell growth.
Chlorophyll and Carotenoids
Chlorosis is a critical and visible symptom of almost all chlorophyll-deficient mutants which is and is observed in higher plants and other photosynthetic organisms. To characterize the new cell line possessing a chlorophyll-deficient phenotype, we determined the chlorophyll a, chlorophyll b, total chlorophyll and carotenoid contents in both yellow mutant and wild-type green cell lines.
Pigment analysis demonstrated the presence of chlorophylls a and b in the mutant cells but at much lower levels than those found in wild-type cells (Figure 3) . The contents of chlorophyll a, b and total in wild-type cells were higher at the beginning of cell growth and then decreased by day 3. This reduction in chlorophyll concentration is strongly linked to the availability of sucrose in the culture medium (3%) because this carbohydrate (like many others) inhibits chlorophyll synthesis both in whole plants and in chlorophyllic cell systems [28] [29]. After this chlorophyll decline, sucrose consumption by the cells allowed maximum accumulation of chlorophyll (a, b and total) at day 6 of the cell kinetics at levels very similar to day zero. The wild-type green cell line accumulated 292.8 µg•g −1 FW of chlorophyll a, while the mutant cell line only attained 27.1 µg•g −1 FW; this value represents only 9.3% of the chlorophyll synthesized by the wild-type cell line (Figure 3(A) ). The accumulation of chlorophyll b in the mutant cells was less affected than chlorophyll a because the mutant cells synthesized 29.9 µg•g −1 FW, whereas the chlorophyllic cells accumulated 78.1 µg•g −1 FW; this accumulation represented 38.2% of the chlorophyll b produced by the wild-type green cells (Figure 3(B) ).
Because of the above-mentioned differences, the total chlorophyll was almost eleven-fold higher in the wildtype cells than in the mutant cells (Figure 3(C) ). Following the course of the experiment, we observed a decrease in the concentration of these pigments by days 9 and 12 of the cell growth kinetics; this reduction is due to nutrient exhaustion and an accumulation of toxic compounds at the final phase of the senescing batch cultures.
Carotenoids are essential components of the photosynthetic machinery and play a critical role in preventing photo-oxidative damage [30] [31] . Several studies have shown that deficiency of chlorophyll is highly correlated to the deficiency in the content of carotenoid pigments. Therefore, we analyzed if the low chlorophyll content found in the yellow mutant also correlated to carotene and xanthophyll content in this mutant.
As anticipated, these pigments were present in the mutant cells at very small levels. Similarly to the chlorophyll behavior, there was a decrease in the concentration of carotenes and xanthophylls at day 3 of the cell kinetics and then they reached their maximum concentration at day 6 in both the wild-type and yellow mutant cell lines. The maximum concentration of carotenoids in the wild-type cell line was 54.9 µg•g −1 FW, while in the mutant this value was 4.4 µg•g −1 FW (Figure 4(A) ). The content of carotenoids in the mutant cells represented only 8% of the amount accumulated by the green cells. On the other hand, the xanthophylls accumulated 47.4 µg•g −1 FW in the wild-type cells, whereas the yellow mutant cells only reached 2.7 µg•g −1 FW (Figure 4(B) ), which represents 5.6% of the total xanthophylls accumulated by the wild-type cells.
Bright Field and Ultrastructural Characterization
To analyze a probable relationship between the deficiency of photosynthetic pigments with the organization and structure of the plastids in the mutant cell line, we studied the structure of these organelles both in the yellow mutant and in the green wild-type cell lines. Bright field microcopy showed few or no membrane organization in the yellow, mutant cells, while well-developed chloroplasts were visualized in the wild type green cells ( Figure  5 ). To deepen into the structural differences between the green cells and the yellow cells an ultrastructural analysis was carried out. Electron microscopy analysis showed chloroplasts possessing a normal organization of grana thylakoids and stroma lamellae in the chlorophyllic wild-type cells (Figures 6(A)-(C) ); the observed size of the chloroplasts found in the green cells was 3.88 ± 0.20 µm, which is very close to the chloroplast size reported for cells of mature leaves [32] [33] .
On the contrary, the mutant cells did not develop chloroplasts. Instead, we found etioplast-like organelles with an internal structure similar to a prolamellar body (Figure 6(D) & Figure 6 (E)). The etioplast-like plastid type we observed in our mutant cell line was smaller than chloroplasts found in wild-type cells (1.76 ± 0.32 versus 3.88 ± 0.20 µm), but they were similar in size to rice etioplasts [34] . Moreover, this mutant cell line also possessed other types of plastids with poorly developed membranes, which formed vesicular structures in some cases (Figure 6(F) & Figure 6(G) ). The average size of these organelles was 2.46 ± 0.10 µm. These results indicate that the plastids developed by the mutant cells were abnormal and severely damaged in their membrane structure and organization, thus preventing the accumulation of chlorophyll and accessory pigments. 
Discussion
In general, most mutants deficient in the production of photosynthetic pigments exhibit slow growth and low productivity. Although these mutations commonly affect the synthesis of photosynthetic machinery components, primarily chlorophylls and carotenoids, they can also affect the stability of the pigment-protein complexes, the components of electron chain, and other structural components of the chloroplasts.
According to our results, the cell lines studied here showed very contrasting differences in structure, physiology and biochemistry. First, great differences in fresh weight and dry weight gains between the yellow mutant and the wild-type cells were evident during the course of the growth kinetics, particularly in the fresh weight attained at day nine and 12. Differences in both fresh and dry biomass accumulation between these cell lines were reflected in the doubling times; cells having well-developed chloroplasts sustained a faster growth. Studies in our lab indicate that although the green cells were not completely photoautotrophic, their chloroplasts supplied some energy and carbon skeletons for maintaining better growth in the green cells, i.e., the cells were photomixotrophic (data not shown). These cells not only metabolized the reduced carbon present in the culture medium but also had functional chloroplasts with the ability to fix carbon from the air.
In contrast, poor development of the photosynthetic machinery in the mutant yellow cells implies that they depended entirely on the carbon source supplied in the growing medium. The carbon source in the culture medium is limited and therefore rapidly consumed due to the increase in energy demand for cellular growth. However, the role of the chloroplast in the cell physiology and biochemistry is not restricted to carbohydrate metabolism because a number of important biomolecules including amino acids, hormones, fatty acids and nucleotides are manufactured and stored in this compartment. Additionally, the chloroplast is also a site of significant uptake of elements such as sulfur [35] and nitrogen [36] . Chlorophyll deficiency is closely related to arrested development of chloroplasts. Defective chloroplasts can alter any of these important metabolic pathways that affect subsequently the growth of the mutant cells [37] . For example, the mutant chd6 of Vitisvinifera maintained in vitro attained low dry matter and carbohydrate accumulation and showed signs of blockage in CO 2 fixation as well as impaired mobilization and accumulation of soluble carbohydrates during growth and development. This mutant showed slow growth, dwarfism and small leaves during its growth cycle [38] .
One possibility for the low accumulation of chlorophyll in YELP mutant is that one of the steps of chlorophyll biosynthesis is partially blocked. Various types of mutants are characterized by a deficient accumulation of chlorophyll caused by blockage of specific steps in the biosynthetic pathway of this pigment [39] . Several authors have emphasized two key points of control for this process.
One of the control steps is the synthesis of 5-aminolevulinicacid (ALA) in the first stage of chlorophyll formation in the plastids, which is easily broken because the biosynthetic pathway of ALA requires enzymes and substrates encoded in the nucleus and chloroplast [40] . Mutations associated with this first control point have been primarily characterized in mutants with variegated green and white sectors in the leaves of Euonymus japonicas [41] and in an albino mutant of barley [42] ; these mutants do not synthesize chlorophyll. In contrast, other mutants affected in the ALA biosynthesis such as xantha-702 in cotton, and chlorine 5 in sunflower, synthesize chlorophyll at very low levels, approximately 3% in xantha-702 and 50% in chlorine-5 relative to wild-type plants [43] [44] . The results of this work demonstrate that our mutant accumulated low levels of chlorophyll, approximately 9% of the concentration found in the wild-type cells. Thus, we believe that the yellow mutant studied was defective at this point in the chlorophyll biosynthesis pathway. However, in this study we did not determine the levels of ALA or other intermediates in the yellow mutant. Furthermore, in plant tissues, light is required for the continuous synthesis of ALA, and our mutant cell line grows under continuous light, so it is possible that it can accumulate certain levels of ALA.
The other control point during the synthesis of chlorophyll is the reduction of protochlorophyllide (Pchlide) to chlorophyllide [45] . This light-dependent step is catalyzed by the enzymeproto chlorophyllide oxidoreductase (POR). The POR enzyme forms aggregates of ternary complexes composed by light-dependent POR bound to its substrate and cofactor, Pchlide and NADPH, respectively. These aggregate photoreduce Pchlide molecules under flash illumination pulses (shorter than 2 milliseconds). POR possesses unique features such as its lightdependent catalytic activity, accumulation in plastids of dark-grown angiosperms (etioplasts) via binding its substrate, Pchlide, and the cofactor NADPH, resulting in the formation of prolamellar bodies and rapid degradation under subsequent illumination.
Alteration in the contents of some of the components of the complex POR: Pchlide: NADPH has negative ef-fects on the synthesis of chlorophyll. Most of these abnormalities are caused by mutations that affect various steps in the pathway of tetrapyrrole compounds and not directly in the synthesis of the POR enzyme or substrate. For example, the NYB (Nanchong Yellow Barley) mutant affected in the import of POR into the chloroplasthaslimited capacity for chlorophyll synthesis due to decreased POR in the plastid. Consequently, this mutant shows yellow leaves containing developmentally-arrested chloroplasts with few membrane systems [46] . Additionally, the phytochrome-deficient mutants of tomato aurea (au) and yellow-green-2 (yg-2) show inhibition of Pchlide synthesis, which in turn, causes loss of the POR protein in these mutants [47] . Under white light, au and yg-2 mature plants present a pale phenotype due to lower chlorophyll levels and reduced chloroplast development [48] [49].
Because the prolamellar body is the main site of accumulation of Pchlide and POR complexes, studies aimed to characterize this protein and its substrate in the new mutant YELP presented here will be required because we found plastids with prolamellar body-like structures despite the yellow cells were always grown in the light. In addition, it will be also important to analyze the intermediaries or the precursors of the later stages of ALA synthesis, prior to the Pchlide reduction.
Carotenoids are structural and functional components of the chloroplasts, which help in the light capture in the reaction centers and in light-harvesting complexes, extending the spectrum of light absorption into the blue and green regions [50] . Molecular studies have been performed with mutants affected indifferent points of the carotenoidbio synthesis pathway (for example, mutations in the pds3 gene, which encodes the enzyme phytoene desaturase in Arabidopsis thaliana). The pds3 mutant showed that the expression of other nuclear genes that encode proteins targeted to the chloroplast were mainly involved in photosynthesis; these alterations coincided with chloroplasts having a severely retarded development. The psd3 mutant has approximately 20 metabolic pathways affected with some of the light-dependent routes completely disrupted. Photosynthesis is not functional in this mutant due to chlorophyll loss and alterations in the Calvin cycle. Without photosynthesis, this mutant survives only by the external supply of carbon in the culture medium [51] .
On the other hand, carotenoids are also involved in photoprotection by quenching singlet oxygen and other reactive species. Reduced carotenoid synthesis causes photo-oxidative damage, particularly under high-light conditions or extreme temperatures. However, in carotenoid-deficient plants, even standard light conditions trigger photo-oxidation [52] .
Different mutations resulting in chlorophyll-deficient phenotypes correlate with disorders in chlorophyll synthesis or chloroplast development which are identified visually by abnormal coloration. This article describes a mutant isolated from a highly chlorophyllous cell culture. This cell line is the result of a spontaneous mutation producing a yellow phenotype with very low chlorophyll contents (Figures 2(A)-(C) ). Mutations that cause the deficiency or lack of chlorophyll are closely related to the disruption of chloroplast structure and consequently to the loss of function [53] [54] . In many cases, the chloroplasts are arrested at very early stages of development as in the case of the proplastid state in dcl mutants of tomato [55] , dag mutants in Antirrinhum majus [56] and cla1 mutants in Arabidopsis thaliana [57] .
The low capacity of this yellow mutant for accumulating chlorophyll correlated with a failure in the structure and organization of the chloroplast. This new yellow mutant possessed plastids with disorganized and poorly developed membranes and presented etioplast-like plastids with a structure similar to a prolamellar body. This disruption was not corrected by the exposure of these yellow cells to the light. It is very interesting to note that these organelles were present in the mutant cells growing in the light because etioplasts are plastids characteristic of plants grown in the dark, although they are devoid of chlorophyll and develop a unique inner membrane network conforming the prolamellar body. In contrast, the yellow mutant described here accumulated chlorophyll and carotenoids though a very low levels. In this connection it is important to point out the existence of another type of plastids occurs under natural conditions, named etio-chloroplasts. Etio-chloroplasts contain chlorophylls and small prolamellar bodies interconnected with chloroplast thylakoids. Several studies favor the involvement of etioplasts and etio-chloroplasts as intermediary stages in chloroplast formation under natural conditions [58] .
The occurrence of the prolamellar body-like structure in the YELP mutant of B. gracilis is intriguing because this mutant is commonly grown under continuous light conditions, and this structure is indicative of plastid development in the dark. Illumination of etioplasts initiates the dispersal of the prolamellar body and the formation of thylakoid membranes where the chlorophyll a/b-binding protein and chlorophyll form the pigment-protein complexes of the photosynthetic apparatus. This transitional process is very complicated because it involves different processes such as chloroplast development, pigment synthesis, and the assemblage of the photosystems in thylakoids, all of which are accomplished by and depend on the differential expression of a large number of genes [59] [60] . There is a close connection between the chloroplast development and formation of thylakoidal membranes [61] . Different mutants affected in the formation of thylakoidal structures have been described in Arabidopsis among them vipp1, mgdg1 and Thf1. Some of the main characteristics of these mutants include the formation of plastids containing vesicular structures, disordered membranes and the presence of membrane invaginations. Interruption of the vipp1 (vesicle-inducing protein in plastids 1) locus gene, results in a complete loss of thylakoid membranes [62] . The mgdg1 mutants arrest at the step of enzyme formation of monogalactosyldiacylglycerol (MGDG) synthase [63] .
These mutants produce albino seedlings in presence of sucrose, and mgdg 1 plastids only have invaginations from the plastid envelope. Wang et al. [64] described the mutant Thf1 (Thylakoid formation 1). This mutation produces dwarf-variegated plants, where green sectors contain plastids with vesicular structures and other disorganized membranes.
The blockage of chloroplast development at the etioplast stage with persistence of the prolamellar body in the light is unusual. Bachmann et al. [65] reported the formation of stable prolamellar bodies in an F1 heterozygote obtained from the cross of albino and pastel mutants of maize. This maize mutant was deficient in carotenoid biosynthesis, which resulted in the loss of the majority of chlorophyll by photo-oxidation. A similar phenotype was reported for wheat seedling streated with amitrole [66] , an herbicide that blocks the carotenoid synthesis in plants.
The YELP mutant described in this study synthesized very low levels of carotenoids. Thus, the low quantities of these accessory pigments would also explain why the mutant has plastids with poorly developed internal membranes. However, future studies are needed to analyze the precursors in the biosynthesis pathway of carotenoids, as in the case of the mutant of maize and the wheat seedlings treated with amitrole, to establish whether a blockage in the carotenoid pathway is a key factor inducing the yellow phenotype of the mutant cells of B. gracilis.
Totest this hypothesis, the differential ability of the mutant to accumulate chlorophyll under lowlight intensity and high luminosity should be analyzed. If chlorophyll synthesis is strongly linked to photo protection conferred by the carotenoid content, then higher chlorophyll content should be expected in cells grown under low light. According to the analysis of the content of chlorophylls and carotenoids, the persistence of low chlorophyll amounts in our mutant indicates that even limited synthesis of carotenoids may prevent complete photo-oxidation of chlorophyll.
Conclusion
In conclusion, the novel YELP mutant does not develop chloroplasts, instead possess two types of plastids: etioplasts-like organelles and others with poorly developed membranes. As a consequence, the YELP cells accumulated very small levels of chlorophyll and carotenoids. The parental wild-type green cells and the complementary chlorophyll-deficient cell mutant system represent an excellent model for the analysis of plastids development and differentiation. But, beyond to this issue, our research group is interested in studying the role of chloroplast in the response of these cells to abiotic stress, e.g. osmotic stress. Since previous study has shown that osmotic stress caused by polyethylene glycol results in an increase of chlorophyll content in green cells [67] . Thus YELP mutant comes to form a dual model that could help clarify several questions about the role of the chloroplast in the response to abiotic stress of B. gracilis cell line.
